The smallest region of deletion overlap in the patients we have studied defines a DiGeorge syndrome/velocardiofacial syndrome (DGS/VCFS) minimal critical region (MDGCR) of ∼250 kb within 22q11. A de novo constitutional balanced translocation has been identified within the MDGCR. The patient has some features which have been reported in individuals with DGS/VCFS, including: facial dysmorphia, mental retardation, long slender digits and genital anomalies. We have cloned the breakpoint of his translocation and shown that it interrupts the clathrin heavy chain-like gene (CLTCL) within the MDGCR. The breakpoint of the translocation partner is in a repeated region telomeric to the rDNA cluster on chromosome 21p. Therefore, it is unlikely that the patient's findings are caused by interruption of sequences on 21p. The chromosome 22 breakpoint disrupts the 3′ coding region of the CLTCL gene and leads to a truncated transcript, strongly suggesting a role for this gene in the features found in this patient. Further, the patient's partial DGS/VCFS phenotype suggests that additional features of DGS/VCFS may be attributed to other genes in the MDGCR. Thus, haploinsufficiency for more than one gene in the MDGCR may be etiologic for DGS/VCFS.
INTRODUCTION
DiGeorge syndrome (DGS), velocardiofacial syndrome (VCFS) and conotruncal anomaly face syndrome (CTAF), are three of several congenital disorders associated with chromosomal abnormalities of 22q11.2 (1) (2) (3) (4) . Overlapping phenotypes suggested that DGS and VCFS share a common etiology (5) , and molecular studies have confirmed this (1) (2) (3) . DGS/VCFS is a developmental field defect of structures arising primarily from the 3rd and 4th pharyngeal arches which are populated by migrating cephalic neural crest cells. Candidate genes for these disorders include those affecting migration or differentiation of these cells. Several genes mapping to the deleted region have been characterized, but none have been clearly associated with any of the phenotypic features.
The majority of patients with DGS/VCFS (∼90%) have a common large deletion, and a minority have smaller deletions, unbalanced translocations or no detectable abnormality of 22q11.2. Though the phenotype is highly variable, there is no correlation between deletion size and phenotype (1) . The minimal DGS/VCFS critical region (MDGCR) is defined as the region most likely to contain the gene or genes etiologic for DGS/VCFS. We currently delineate the MDGCR as a 250 kb region, bordered on the centromeric side by the common proximal deletion endpoint and distally by the breakpoint of an unbalanced 15;22 translocation in a patient with VCFS (6) . With the analyses of additional patients, this region could narrow further. In fact, a recent report describes 'patient G' (7) with mild DGS/VCFS features and a deletion endpoint which could exclude a significant *To whom correspondence should be addressed + These authors contributed equally to this work portion of the proximal end of the MDGCR. We have generated a transcription map which identifies 11 transcripts within this region (8) and another novel transcript has recently been reported which may produce a functional RNA (9) . The only reported balanced translocation associated with features of DGS or more specifically 'partial DiGeorge syndrome' is a t (2;22) in the patient ADU (10) . This breakpoint was shown to be within the MDGCR (11) (12) (13) and was cloned and shown to occur within an open reading frame (ORF) (11) . However, subsequent studies suggest that a common polymorphism would lead to a frameshift in this ORF (Holmes et al., unpublished) . To date, a functional gene has not been found which spans this breakpoint, and thus the possibility remains that the translocation is exerting a position effect on a gene or genes in the region.
Here we report characterization of a second balanced translocation within the MDGCR, in a patient (TOH) with some of the features of DGS/VCFS. The breakpoint on chromosome 22 was mapped within the MDGCR by fluorescent in situ hybridization (FISH) and the breakpoints of both derivative chromosomes have been cloned and sequenced. The chromosome 22 breakpoint is shown to be in the 3′ end of the clathrin heavy chain-like transcript, CLTCL. The full genomic structure of this gene, its presence in other species, and characterization of novel alternatively spliced products found in patient and control samples are also reported. The chromosome 21 side of TOH's breakpoint is shown to be telomeric to the rDNA array within the acrocentric short arm region. Finally, we investigate expression levels of genes in the breakpoint vicinity and demonstrate reduced expression of CLTCL in the patient.
RESULTS

Patient phenotype and karyotype
The patient was evaluated by Clinical Genetics at Children's Hospital of Philadelphia at age 5 years 6 months as part of his comprehensive developmental examination. He was noted to have an IQ of 44 (Stanford Binet), with verbal IQ greater than performance. On physical examination, the patient was noted to be dysmorphic with slightly upslanting palpebral fissures, bulbous nose and simple prominent large ears with overfolded helices (Fig. 1A) . There was first degree hypospadias and a history of surgery for bilateral cryptorchidism. He was also noted to have hypermobile joints of the fingers and wrists. Past history revealed a seizure disorder diagnosed at age 2 years and extraocular muscle imbalance. Family history revealed five normal siblings and a single miscarriage. The patient was shown by cytogenetic analysis to carry a de novo balanced (21;22)(p12;q11) translocation (14) .
On recent re-evaluation at the age of 23 years, pertinent history revealed: a posterior subcapsular cataract removed at age 14 years, a small cataract in the other eye and scoliosis. Developmental assessment using the Wechsler Adult Intelligence Scale-Revised (WAIS-R) was performed at age 20 years and revealed a full scale IQ of 60, with verbal IQ of 66 and performance IQ of 56. His physical examination, in addition to the findings noted previously, revealed macrocephaly, hooded upper eyelids, prominent nasal root, narrow alae nasi with prominent nasal tip, high arched palate, long slender fingers and hypotonia ( Fig. 1B and C) .
Narrowing the breakpoint region on chromosome 22
In situ hybridization studies using tritium-labeled probes had demonstrated previously that the 22q11 breakpoint was located proximal to the constant region of the immunoglobulin λ light chain locus (IGL) (14) . A more detailed analysis utilizing FISH was therefore performed. Individual cosmid probes mapping to 22q11.2, together with a control probe which maps to the distal long arm of chromosome 22 (D22S39), were co-hybridized to metaphase chromosomes. Preliminary results localized the TOH breakpoint distal to D22S43, a locus in the cat eye syndrome region, and proximal to the entire IGL gene cluster. These results suggested that the breakpoint could be located in the DGS/VCFS region.
A cosmid for D22S75, 5D9, which maps to the MDGCR and is deleted in the majority of DGS/VCFS patients, was tested using FISH. A signal was seen on both of the derivative chromosomes ( Fig. 2A) , suggesting that the cosmid could span the breakpoint. To investigate this possibility, cosmids which map immediately proximal and distal to 5D9 were tested on metaphase spreads from the patient. A more proximal cosmid in the contig (79H12), which overlaps by ∼13 kb with 5D9, demonstrated no hybridization to the der(21), but strong signal on the der(22) (data not shown), indicating that the TOH translocation breakpoint is located distal to 79H12. Similarly, a more distal cosmid (98B11), which overlaps 5D9 by ∼18 kb, showed no hybridization to the der (22) in any of the metaphase spreads examined, but strong signal on the der(21) (data not shown). These results indicated that the TOH translocation breakpoint localized to ∼10 kb in the middle of 5D9.
Identification of rearranged fragments
The 3′ region of the previously identified clathrin-like transcript CLTCL (8) is located in the portion of 5D9 which appeared to contain the breakpoint. We thus undertook to narrow the breakpoint region using a probe from the 3′ end of the cDNA and TOH DNA samples digested with several enzymes. Novel fragments were detected in the HindIII-digested DNA of TOH but not the control DNA, suggesting a rearrangement (data not shown). We then designed several PCR probes from genomic sequence available from the region to narrow the breakpoint further (Fig. 2C ). 'TOH2' and 'TOH3' each detected one novel fragment in various digests (data not shown), whereas probe 'TOH4' detected both novel fragments in several digests, including SstI and BamHI (Fig. 2B ). Only one rearrangement fragment could be detected in HindIII-digested DNA (Fig. 2B) , suggesting that the breakpoint was very close to the HindIII site within 'TOH4'; indeed the breakpoint proved to be five nucleotides centromeric to this site.
Cloning of the der(21) and der(22) translocation breakpoints
Size-selected libraries were constructed from BamHI-digested DNA of the patient TOH. Probing of Southern blots with 'TOH2' and 'TOH3' demonstrated that the 4.2 kb novel BamHI fragment was derived from the der (22) , while the 2.5 kb novel fragment was derived from the der(21) (data not shown). The BamHI-digested TOH DNA in these size ranges was excised from an agarose gel and cloned into the Uni-zap vector (Stratagene). A portion of the lane was blotted and probed with 'TOH4' to confirm that the excised regions indeed contained the derivative fragments.
Both libraries were screened with 'TOH4' and several positive clones were identified from each. Clone 6.1.A from the 'der(22)' library and clone 7.A from the 'der(21)' library were purified, and DNA was isolated and sequenced. Comparison of the sequences with chromosome 22 genomic sequence in the predicted breakpoint region (GenBank accession no. L77569) revealed that each clone contained a portion of chromosome 22 adjacent to novel sequence (Fig. 2D) .
Analysis of the chromosome 22 breakpoint sequence and positioning within the CLTCL transcript
The chromosome 22 side of the breakpoint falls near the 3′ end of the CLTCL transcript which is encoded by 33 exons (Figs 2C  and 3 ). The breakpoint is within intron 27, 32 bp 5′ of exon 28. A transcript interrupted at this point would encode a protein lacking the 142 amino acids contained in exons 28-33. Examination of the novel sequence from chromosome 21 downstream of the breakpoint reveals potential splice acceptor sites, but also multiple stop codons in all three reading frames.
The translocation is balanced with respect to chromosome 22, as comparison of the two derivative sequences with the normal 22 indicates no loss of sequence (Fig. 2D) .
Analysis of the chromosome 21 breakpoint sequence and positioning by FISH
We have taken several approaches towards localization and characterization of the chromosome 21 sequence interrupted by the translocation. PCR primers (see Materials and Methods) were designed from the chromosome 21 portions of the derivative chromosomes and used for amplification of ∼300 bp of the normal 21 spanning the breakpoint region (Fig. 2C) . The sequence of PCR-amplified product from hybrid GM08854, which contains only human chromosome 21 on a mouse background, was used for comparison with the derivative chromosome sequences. No sequence is lost from the chromosome 21 partner, though an extra 'A' is inserted at the breakpoint (Fig. 2D, italics) .
These primers also amplified sequences from all the acrocentric chromosomes (13,14,15, 21 and 22) in monochromosomal hybrids, suggesting that the breakpoint falls within a region present on all acrocentrics. Sequence comparisons of the amplified products from all five pairs revealed that the breakpoint sequence is highly conserved (>95%). Amplification was not seen from any of six hybrids containing non-acrocentric chromosomes (1, 4, 7, 16, 19 and X).
Chromosome 21 sequence (2 kb) flanking the breakpoint region was obtained from the derivative chromosome phage clones. The sequence was subjected to BLASTn searches against the non-redundant database PDB + Gbupdate + Genbank + EMBLupdate + EMBL (15) , and the only significant homology found was to a non-coding region between MER repeats within the MHC class II region which contains a cluster of genes involved in antigen processing. In particular, the sequences were compared with rDNA spacer sequences and no matches were found, indicating that the breakpoint is not within the rDNA cluster. Cytogenetic analysis had suggested, but not firmly established, the localization of the breakpoint distal to the rDNA. This was confirmed by FISH using a 28S rDNA probe (16) . The 28S probe hybridized to single regions on the der(21) and on the der(22) (data not shown). By chromosomal morphology, it could be determined that the single signal detected on the der (22) represents the rDNA region derived from the chromosome 22 short arm; thus the der (22) contains no detectable rDNA translocated to its long arm from chromosome 21. A signal is detected on the der(21), positioning the chromosome 21 breakpoint telomeric to the rDNA.
To estimate the copy number of the repeated region found at the breakpoint, a PCR probe containing 430 nucleotides of chromosome 21 sequence immediately telomeric to the breakpoint was used to screen a 3× coverage genomic PAC library of total human DNA, and to probe a Southern blot containing DNA from a panel of monochromosomal hybrids. The probe detected 40-45 PACs, and 3-7 bands in each of the acrocentric monochromosomal hybrid DNA lanes (data not shown), again confirming the repeated nature of the breakpoint region. The probe did not hybridize with DNA from hybrid GM10479, which contains as its only human chromosome a copy of chromosome 14 lacking rDNA, suggesting that the breakpoint repeat is specific to the acrocentric short arms. Exon and intron sizes are given, and the Grail prediction of the donor and acceptor splice sites for each.
Characterization of the chromosome 22 transcript disrupted by the translocation
We and others previously have reported sequence for CLTCL (8, 17, 18) . To obtain the 5′ end of this transcript, RACE was performed using a primer from the 5′ end of our cDNA sequence. A 293 bp PCR product was generated which contained the predicted start codon. Sequence analysis demonstrated that this product matched the corresponding genomic sequence. However, the first 22 bp of the 5′ RACE product differs from a reported sequence (U41763), suggesting that U41763 may have a chimeric 5′-untranslated region. Our results allowed assembly of a 5506 bp cDNA sequence spanning 116 kb of genomic DNA near the telomeric end of the MDGCR. The gene is oriented telomeric (5′) to centromeric (3′) (Fig. 3) . We have determined the intron-exon structure of this gene ( By Northern blot analysis, CLTCL is expressed most abundantly in adult skeletal muscle, and at a low level in adult heart, fetal liver and fetal kidney (8) . We have also used RT-PCR to examine expression of CLTCL in 9-12-week human fetal tissue, using primers covering exons 6-14. Expression is seen in various tissues, including the heart and cephalic region (data not shown). Expression was not detected in placenta. Products were sequenced to confirm their identity as CLTCL.
An RT-PCR probe covering exons 6-14 (2C2W2) was used on a commercial zoo blot, and unique bands were present in various species including primate, rabbit and dog (data not shown). However, this probe did not detect a band in mouse, suggesting that this gene may not be present in this species. Although a faint band in the mouse lane was detected after 3 days exposure, it could represent cross-hybridization with the gene encoding clathrin heavy chain (CLTC). A CLTC probe covering the same region does hybridize with mouse DNA, including a band of the same size as the faint one detected by 2C2W2 (data not shown). The CLTC probe detects different patterns of restriction fragments from those detected by 2C2W2 in the species in which both are seen, except for chicken where a faint band seen with 2C2W2 may again represent cross-hybridization. As the commercial zoo blot contained DNA digested only with EcoRI, we digested mouse and hamster DNAs with three additional enzymes (BamHI, Taql and Pstl), and still detected no strong bands after hybridization with 2C2W2. Thus the evidence strongly suggests that this gene is not present in the mouse. Although unusual, this would not be the first example of a human disease-related gene which is not found in mouse (19) . (A) FISH analysis of TOH metaphase spreads with biotin-labeled cosmid 5D9 in the D22S75 contig. D22S39 biotin-labeled probe was used to mark distal long arm of chromosome 22 which translocates to the der (21) . The arrowhead indicates the normal chromosome 22, while the short arrow and the long arrow indicate der (22) and der(21), respectively. (B) Detection of rearranged fragments. Southern blot analysis of DNA digested with either SstI, BamHI or HindIII and probed with the TOH4 probe. Lanes 1, 4 and 7 contain total human DNA, lanes 2, 5 and 8 contain TOH DNA and lanes 3, 6 and 9 contain GM10888 DNA, a monochromosomal hybrid containing human chromosome 22. Marks on the left represent the 1 kb ladder. For the SstI digests, the 3.8 kb band is derived from the normal chromosome 22, the 4.0 kb band from the der(21), and the 10.0 kb band from the der (22) . Digestion with BamHI produces a normal 2.1 kb band, a rearranged 2.5 kb band from the der(21) and a rearranged 4.2 kb band from the der (22) . This probe detects only one rearranged HindIII fragment, of 8.0 kb, derived from the der (22) . The HindIII site is <10 nucleotides from the breakpoint, making the signal from the der(21) too faint for detection. Since the TOH4 probe contains a HindIII site, it detects two HindIII fragments, The bottom line contains sequence from the unrearranged chromosome 21 surrounding the breakpoint obtained from a PCR product using DNA from the monochromosomal hybrid GM08854, which contains chromosome 21. Primers were designed from sequences surrounding the breakpoint in phage clones (Fig. 3B) . The middle lines contain sequences from the two derivative chromosomes surrounding the breakpoints, obtained from breakpoint-containing phage clones. The sequences in bold type derive from chromosome 22 and those in plain type from chromosome 21. The breakpoint is underlined in the normal sequences and italicized in the derivative sequences. An extra 'A' was inserted at the breakpoint, as there are a total of three As on the normal 21 and 22, and a total of four As on the derivatives. It cannot be determined which As originated from which normal chromosome. The position of the CLTCL intron 27-exon 28 boundary on the normal chromosome 22 is indicated. 
Expression patterns of the disrupted transcript and nearby candidate gene(s)
We have examined the expression of CLTCL in fibroblast and lymphoblastoid cell lines from TOH and a control individual. Northern blots probed with the PCR probe covering exons 6-14 revealed a transcript of the expected size. The abundance of the transcript is greater in fibroblast than in lymphoblastoid cell lines. An abnormally sized transcript was not detected in TOH cell lines, indicating that any transcript derived from the disrupted copy of CLTCL is either unstable, produced at undetectably low levels or not distinguishable in size from the full-length transcript. Preliminary results show that the expression level of CLTCL in TOH fibroblasts is approximately half that seen in a control individual, suggesting that the truncated transcript is unstable, and the detected signal represents mRNA transcribed from TOH's intact chromosome 22 (Fig. 4) .
As the disrupted copy of CLTCL is juxtaposed with chromosome 21 sequence 5′ to exon 28, we investigated the possibility of a fusion transcript spanning the translocation breakpoint. We used the 3′ RACE protocol to examine the 3′ end of the CLTCL transcript in TOH and control cell lines. Several products were observed from TOH and control mRNAs (Fig. 5) . The larger bands of ∼1.3 and 1.4 kb predominated in the 3′ RACE product from control cell lines, whereas a smaller band of ∼700 bp was the only product seen from TOH lymphoblastoid mRNA and the predominant band seen in product from TOH fibroblasts; additional bands of the larger sizes (1.3 and 1.4 kb) were seen faintly in TOH fibroblast. The larger bands were of the predicted size for the full-length transcript, and partial sequence analysis showed them to represent transcript spliced normally from exon 27-28 and from 28-30; exon 29 previously has been found to be alternatively spliced (Budarf et al., unpublished; 18) . The smaller bands represent transcript abnormally spliced from exon 27 to a cryptic splice acceptor site 1585 nucleotides into intron 27. This product was detected in both fibroblast and lymphoblastoid tissue of the patient and a control RNA, but is seen in a much higher proportion in the patient, in whom the breakpoint in the CLTCL gene is 30 nucleotides 5′ of exon 28 (1593 nucleotides 3′ of the cryptic splice site). It is difficult to reliably quantitate the relative amounts of the products seen using RT-PCR, as the abnormally spliced transcript is significantly smaller than the normally spliced product and thus is favored in the PCR reaction. Despite this size difference, the normally spliced transcript predominates in the 3′ RACE products of the control individual, suggesting that the alternatively spliced transcript is present in much lower abundance. In the patient lane, however, the lower band is significantly more abundant than the higher band, as would be expected if the transcript is spliced abnormally, and is favored by the PCR over the longer unrearranged gene on the normal chromosome 22. The dashed line represents intronic sequence, with horizontal gray boxes representing intronic sequences incorporated into abnormal splice products. 3′ RACE products from TOH and control lymphoblastoid and fibroblast mRNAs were directly sequenced and also TA-cloned and sequenced. The normally spliced product was present in TOH and control. It represented a large proportion of the control product and a small proportion of TOH's product. This product did not incorporate exon 29, as has been previously reported for a subset of CLTCL transcripts (18) . Abnormally spliced product 'A' predominated in TOH, and represented a small fraction of the control individual's product. This product spliced from exon 27 to a cryptic acceptor within intron 27 (solid arrow). The mRNA incorporates 387 nucleotides of intronic sequence, which is followed by a poly(A) tail. A potential polyadenylation signal 'ATCAAA' is located 20 nucleotides 5′ to the poly(A) tail (*). Translation of this product in-frame with CLTCL predicts 40 aberrant residues followed by a 'TGA' termination codon. Abnormally spliced product 'B' was found at a low level in TOH, and was not detected in the control. This product spliced from exon 26 to a cryptic acceptor within intron 26 (arrowhead); 224 nucleotides of intronic sequence are incorporated, followed by a poly(A) tail. A canonical 'AATAAA' is present 24 nucleotides upstream (+). Translation predicts a stop codon immediately after the abnormal splice.
Further sequence analysis of the abnormally spliced product from lymphoblastoid and fibroblast tissue of TOH and a control revealed that termination of transcription and polyadenylation occurred within intron 27, 387 nucleotides downstream from the cryptic splice site. No canonical polyadenylation signal or known variant is seen; the closest sequence to the consensus is an 'ATCAAA' located 20 nucleotides 5′ of the poly(A) stretch. Translation of the abnormally spliced product predicts 40 novel amino acids in-frame with the CLTCL product, followed by the termination codon TGA. The predicted protein from the normal CLTCL contains 142 residues in exons 28-33, which would be replaced by these 40 aberrant residues. Comparison of the sequences reveals that the predicted 40 residues show little similarity to the first 40 residues predicted by exon 28, which would normally be in this position (22% identity and 44% similarity).
Sequence analysis of the 3′ RACE product of the patient suggested that several species might be present. Therefore, the individual products were obtained by cloning and each was sequenced. Of five clones analyzed from the patient fibroblast mRNA, three contained the abnormally spliced product described above, and one contained a similar product lacking the poly(A) tail. The fifth contained a different abnormally spliced product in which splicing occurred from exon 26 to a cryptic site ∼2.4 kb downstream in intron 26 (Fig. 5) . Termination of transcription and polyadenylation occurred 224 nucleotides downstream of the cryptic splice site; in this case a canonical 'AATAAA' is present 24 nucleotides upstream of the poly(A) site. Furthermore, because a stop codon occurs in-frame immediately after the splice site, a protein lacking the C-terminal 185 amino acids would be produced.
When Northern blots of TOH and normal fibroblast and lymphoblastoid mRNA were probed with a PCR product generated from the portion of intron 27 retained in the abnormally spliced products, no transcript was detected on either a 5 day film exposure or a 3 day phosphorimager exposure. Thus, this product is present only at very low levels, and/or has a reduced stability.
To investigate possible position effects on genes in the vicinity of the breakpoint, we examined expression levels of the two nearest flanking candidate genes: CTP, located <1 kb centromeric to the 3′ end of CLTCL (20) , and HIRA, localized ∼39 kb telomeric to the 5′ end (Budarf et al., unpublished data) . Probes to these genes were hybridized to Northern blots of mRNA from lymphoblastoid and fibroblast cell lines derived from TOH and normal controls. In preliminary results, the levels of mRNA in these cell lines and the normal control did not differ significantly (data not shown).
DISCUSSION
An abnormal phenotype in a patient with a balanced chromosomal rearrangement is an uncommon finding, occurring in <10% of individuals who present with a de novo translocation (21). Our patient, TOH, has a unique phenotype which includes some but not all of the features seen in DGS/VCFS. He carries a de novo t(21;22)(p12;q11) with a breakpoint distal to the rDNA on 21p and a chromosome 22 breakpoint which disrupts the CLTCL gene in the MDGCR. TOH represents the second reported patient with a balanced translocation within the MDGCR and features of DGS or VCFS, the first being ADU (10). TOH's breakpoint is 160.4 kb distal to ADU's breakpoint and interrupts a gene whose 3′ end is 151.8 kb distal to the ADU breakpoint, suggesting the involvement of more than one gene from within the MDGCR in the etiology of the full phenotype of DGS/VCFS. We propose that interruption of the CLTCL gene, resulting in haploinsufficiency for the gene product in TOH, plays a major role in the expression of his phenotype. Thus, the CLTCL gene should be considered a strong candidate for the features shared between this patient and deleted DGS/VCFS patients.
It is unlikely that TOH's phenotype is the result of disruption of the sequences on chromosome 21. Translocations within the acrocentric short arms have not been associated with phenotypic abnormalities, and the only known functional genes in this region are tandem arrays of ribosomal genes (16) . The 21p12 sequence disrupted by the 21;22 translocation is duplicated on all five pairs of acrocentric chromosomes, and thus even if it were functional, loss of one copy would be unlikely to lead to phenotypic consequences. Furthermore, since carriers of Robertsonian (21;21) translocations are phenotypically normal, it is more likely that TOH's phenotype is associated with the disruption of sequences on chromosome 22 than with those on 21.
Although the breakpoint in this patient falls within the CLTCL gene, the possibility exists that TOH's phenotype could be due to a position effect on another nearby gene or genes. The MDGCR is very gene rich, and the repositioning of heterochromatic sequences from 21p could have an effect on nearby transcript(s). Rearrangements up to several hundred kilobases from a gene have been reported to affect its expression (review: 22). However, our preliminary Northern analysis of TOH, as compared with a normal control, did not detect altered levels of transcription of CTP or HIRA. These are the closest known genes proximal (CTP) and distal (HIRA) to the TOH breakpoint. Although it may be difficult to detect subtle changes in mRNA levels by this approach, a 50% reduction in expression would be predicted for a translocation-mediated position effect to mimic a DGS/VCFS deletion. However, as these studies were performed in fibroblast and lymphoblastoid cell lines, we cannot rule out the possibility that some position effects may have occurred during embryonic development in this patient. Nonetheless, the (21;22) rearrangement measurably reduces the expression of the CLTCL gene, making it quite likely that TOH's phenotype is related, at least in part, to insufficient gene product.
An alternative hypothesis to explain his phenotype is that gene disruption could produce an abnormal protein with a 'dominant-negative' effect. Although several aberrantly spliced forms of the CLTCL transcript were detected by RT-PCR, these were not seen on Northern blots, suggesting that they are unstable and/or present at very low levels. These data further support the hypothesis that dosage for the CLTCL gene is responsible for the patient's phenotype.
Although CLTCL is present in various species by zoo blot analysis, little is known about the function of the gene product beyond what can be predicted based on its homology to clathrin heavy chain (CLTC). While the similarity is high (CLTCL is 85% identical to human clathrin CLTC at the amino acid level), the expression pattern of CLTCL is much more restricted in the adult, suggesting that CLTCL may have a specialized function. CLTC is a ubiquitous structural protein that is conserved across mammals, and has been shown to be essential for viability in yeast and Drosophila (23, 24) . It plays a central role in endocytosis and membrane receptor trafficking, forming a lattice on the cytoplasmic face of clathrin-coated pits and vesicles (reviews: 25, 26) . The lattice is formed by overlapping triskelion units which are composed of three heavy chains and three light chains. The three heavy chains comprise the 'legs' and are associated via non-covalent bonds at their carboxy termini, forming the vertex or center of the complex (27) . It has been shown that truncation of the 1675 amino acid CLTC product prior to amino acid 1608 disrupts trimerization (28) . CLTCL is predicted to encode a 1640 amino acid protein product, whereas TOH's truncated CLTCL is interrupted at 1496. If like CLTC, the CLTCL gene product forms a triskelion, the predicted truncated CLTCL protein in TOH would be unable to fulfill its normal role in triskelion assembly. Thus, the aberrant transcripts are unlikely to generate 'suicide proteins', further supporting the hypothesis that TOH's phenotype is related to haploinsufficiency for CLTCL.
Northern blot analysis of CLTCL revealed a high level of expression in human skeletal muscle, a much lower level of expression in heart and other adult tissues and low levels in fetal kidney and liver (8) . We have also detected expression in early (9-12 week) fetal tissue using RT-PCR. These varied expression patterns are not surprising, as many gene products are utilized in multiple tissues and at different times during development (29) . If, like clathrin, CLTCL is involved in receptor-mediated endocytosis, it could play a vital role in the intercellular signaling processes important in early developmental pathways. In addition to a possible role in early development, high levels of expression in adult skeletal muscle suggest that CLTCL could be playing a structural role in this tissue. Disruption or deletion of CLTCL could thus be etiologic for the hypotonia seen in TOH and in other DGS/VCFS patients.
TOH appears to have some but not all of the features commonly associated with DGS/VCFS (30) . His DGS/VCFS-related findings include: hooded upper eyelids, prominent nasal root, narrow alae nasi with prominent nasal tip, protuberant ears with overfolded helices, scoliosis, long slender fingers with hyperextensible joints and cryptorchidism with hypospadias. In addition, a verbal IQ greater than performance IQ has been seen in other patients with 22q11.2 deletions (31). He does not have the palatal or cardiac abnormalities commonly seen in VCFS. The macrocephaly and cataracts (posterior subcapsular) have not been reported in the 22q11.2 deletion. [There are two patients reported with VCFS and cataract, one of which was thought to be secondary to hypocalcemia (32) and the other (33) in whom the diagnosis is in question (34, 35) . ] We have postulated that the disruption of CLTCL is at least partially etiologic for TOH's phenotype, and that other candidate gene(s) in the MDGCR, which are not disrupted in TOH, are responsible for the additional findings seen in other DGS/VCFS patients. The differences in phenotype between TOH and patients with 22q11.2 deletions could thus be explained by his dizygosity for genes which are hemizygous in deleted patients. In addition, the unknown factors (genetic background, environmental effects) (36) which lead to variation in phenotype even between family members with identical deletions could play a role. A more complete understanding of the role of haploinsufficiency for CLTCL in determining the DGS/VCFS phenotype via mutational analysis of the gene will be difficult because of its size (33 exons), while the possible absence of this locus in the mouse might preclude targeted disruption of CLTCL to create a mouse model. Such studies will have to await the fortuitous identification of additional patients who, similarly to TOH, have a disruption of CLTCL or alternatively those who harbor a small intragenic deletion at this locus.
MATERIALS AND METHODS
Probes used in FISH
D22S75 was identified as a NotI linking phage clone (N25) and mapped to 22q11.2 using a somatic cell hybrid panel (37) . A cosmid contig was generated by probing a chromosome 22-specific cosmid library (LL22NCO3, 38) with a 2.5 kb HindIII fragment from the N25 linking clone. The cosmids were ordered by restriction mapping using rare-cutting restriction enzymes. The most distal and proximal end fragments of the contig were used to reprobe the cosmid library and thus extend the contig in both directions. These cosmids were used as probes in FISH experiments. The D22S39 cosmid, which maps to the distal long arm of chromosome 22, was used to identify chromosome 22qter unambiguously in the metaphase spreads.
Fluorescence in situ hybridization (FISH)
Cosmids were digested with Sau3A and biotin-labeled utilizing a non-isotopic nick translation kit (Oncor). Slides with metaphase spreads were made using the standard methodology and used within 48 h. FISH was performed as in (39) with minor modifications. Slides were treated with RNase and denatured at 70_C in 70% formamide, 2× SSC. Hybridization with biotinlabeled probes was performed in 50% formamide, 2× SSC, 10% dextran sulfate at 37_C overnight. Slides were then washed at 43_C in 50% formamide/1× SSC, 1× SSC and 0.1× SSC, respectively, before detecting with fluorescein isothiocyanate (FITC)-labeled avidin. Chromosomes were visualized by counter staining with propidium iodide/antifade (Oncor). From 25 to 35 metaphase spreads were examined for each probe. Slides were observed using a Zeiss Axiophot photomicroscope with a standard FITC filter.
PCR
PCR was performed in 20 µl reactions using ∼100 ng of genomic DNA or 1 ng of cloned DNA in standard 1× buffer (BoehringerMannheim): 10 mM Tris-HCl, 1.5 mM Mg 2+ , 50 mM KCl, pH 8.3, with 0.5 U Taq polymerase (Boehringer-Mannheim) and 1 µM primers. Templates were denatured at 95_C for 5 min, followed by 30 cycles of 95_C for 15 s, 60_C for 15 s, and 72_C for 1 min 22 s. A final extension was performed for 7 min at 72_C. Reactions were performed using a Perkin Elmer 9600 thermal cycler. PCR products were analyzed using gel electrophoresis in 1-1.5% agarose. PCR products for sequencing were isolated from LMP agarose using the Spinbind purification kit (FMC), and sequenced on an ABI373A sequencer. Primer sequences: TOH2F, ACTTGTCAGGCAGGTCAGCT; TOH2R, GAAACTCACA-CAAAACTGCTGC; TOH3F, GATTTGAAATGTTCCCAACA-CA; TOH3R, TAAGACATCAATGAGGTTTGCC; TOH4F, TCCCCAGCAAAAAGATTACG; TOH4R, GGCATCGATA-GATGCCCTTA; 21.BRKF, CATGCAGCAAAAGAAGTACA GC; 21.BRKR, GGTGAAATGTCATTGCATGC; 21.PROBF, CAGCATTAATCGTTGCTGGA; 21.PROBR, TCATCGGT-CTCATCCC-AAGT; 2C2W2F, ACCAACCTCTGGGATTATT-GG; 2C2-W2R, TGCCCTGTCTTACAGGCAG; D21260F, ATCAGTGAAAAGCATGATGTGG; D21260R, TCTTCAGCA-CCGGCTAAGTT; INT27F, ACCCTCATGGATAACTTTGGG; INT27R, ACCACTCTGGACTTGTGTTGC. RT-PCR was performed using an RT-PCR kit (Stratagene), as previously described (8) .
Monochromosomal hybrid panel
The chromosome 21 breakpoint region was shown to be repeated on all of the acrocentric chromosomes by hybridization of radiolabeled 21.PROB (430 nucleotide PCR probe of the sequence adjacent to the breakpoint) to a Southern blot of BamHIand HindIII-digested hybrid and control samples. Total genomic samples were CEPH individuals GM6990, GM7029 and GM7019. Somatic cell hybrids containing single human chromosomes on mouse or hamster background were as follows: GM10898 (chromosome 13), GM11418 (chromosome 15), GM8854 (chromosome 21), GM10888 (chromosome 22), GM10791 (chromosome 7), GM10612 (chromosome 19) and PHL17 (X chromosome). Hamster-only and mouse-only control cells were RJK88 and Clone 1-D, respectively. Somatic cell hybrid GM10479 contains human chromosome 14 lacking rDNA. To verify that the repeat is on chromosome 14, PCR was performed on a chromosome 14 regional mapping panel and product was obtained from hybrid M44, containing the short arm, but not from hybrid AB3, which lacks the short arm.
PAC screening
A gridded total human genomic PAC library was obtained from Dr Pieter de Jong (Roswell Park, Buffalo, NY). Filters for screening the PAC library were kindly provided by The Sanger Centre (Cambridge, UK). The library was screened by hybridization of filters with radiolabeled 21.PROB (see above). The library contains 3× coverage, and 40-45 primary positives were identified, suggesting that the probe contains repeated sequence. DNA was prepared from seven of the PACs and subjected to PCR and also to Southern blotting and hybridization to verify positives.
Zoo blot hybridization
Radiolabeled RT-PCR probes containing exons 6-14 of CLTCL (2C2W2), and the same region of CLTC (D21260), were hybridized to an interspecies blot (Clontech) as previously described (8) .
Cell lines and RNA isolation
A lymphoblastoid cell line was established from the patient TOH. TOH fibroblasts (GM1700) and normal human male (GM05565) fibroblast and lymphoblast cell lines are available from the NIGMS Human Genetic Mutant Cell Repository. Approximately 1×10 8 cells were harvested for each RNA preparation. Poly(A) + RNA was islolated using the FastTrack 2.0 kit (Invitrogen) according to the manufacturer's directions for Tissue Cultured Cells.
Northern blot analysis
RNA was run on denaturing RNA gels and blotted as described (40, 41) . Northern blots were hybridized with radiolabeled probes 2C2W2, INT27, CTP cDNA clone #1 (kindly provided by E. Goldmuntz) (20) , HIRA probe HST3 and control probe G3PDH (Clontech) as described (8) .
RACE-PCR
5′ RACE was performed using the Marathon-ReadyT human and skeletal muscle cDNA (Clontech) as described (8) . CLTCLspecific nested primers used were 5′39E-1, GGCTGGATTCAT-GATGGC, and 5′39E-2, GCCTGCTCACCAACTTTCTCT.
3′ RACE was performed on fibroblast and lymphoblastoid mRNA samples from TOH and a normal control using the 3′-AmpliFINDER RACE Kit (Clontech) according to the manufacturer's directions. CLTCL-specific nested primers used were 26.1, GAGCTGGTGTTCCTCTATGACAAGTAC, and 26.2, GTACGAGGAGTATGACAATGCTGTG. PCR products were analyzed on 1 and 1.5% agarose gels and cloned using the TA cloning kit (Invitrogen) according to the manufacturer's directions.
Sequencing
The sequences of the cosmids, fosmid and BAC were obtained by a double-stranded random shotgun method as previously described (42) (43) (44) .
